Cotyledonal cracking is a physiological disorder, which appears as one or a few transverse fissures across legume seed cotyledons early during seed germination or seedling emergence. The fissures hinder translocation of nutrients to the developing seedling and cau'se stunted seedling growth and low yield. The objective of this study was to examine the effect of calcium, applied as a seed coat or priming osmoticum, on cotyledonal cracking in green beans (Phaseo/us vulgaris L.) under field conditions. Seeds of six green bean cultivars ('lmbali', 'Elangeni', 'Tongati', 'Sodwana', 'Tokai' and 'Outeniqua') were primed or coated with CaS04, CaCl 2 and Ca(N0 3 h solutions (1, 10,50, 100 and 1000 mM). Control seeds were not primed or coated. Dried (-10% moisture content on fresh mass basis) seeds were planted in the field at three sites in KwaZulu-Natal, South Africa. A significant reduction in cotyledonal cracking occurred in response to increased calcium molarity, however, no effect of the anions of the calcium salts was observed. Coated seeds performed significantly better than primed seeds with respect to reduction of cotyledonal cracking. Cultivars differed significantly in their sensitivity to cotyledonal cracking. Hence, across all sites, cultivar response to calcium treatments was also correlated to the extent of cotyledonal cracking. There were no significant differences between sites with respect to cotyledonal cracking or calcium effects. This study provided evidence that cotyledonal cracking on green beans can be alleviated by seed calci.um treatment.
Introduction
Cotyledonal cracking is a physiological disorder of leguminous crops characterised by appearance of transverse fissures across one or both cotyledons during germination and after seedling emergence (McCollum, 1953) . The fissures vary in size from minute to deep cracks that can cause complete disintegration of the cotyledon. The cracks impair translocation of essential nutrients from the cotyledons to the growing seedling, thus causing stunted seedlings (McCollum, 1992) . Calcium enhances cell wall integrity, possibly as calcium pectate (Gunawardena, Pearce, Jdckson, Hawes & Evans, 2001 ).
I
According to Marschner (1995) , calcium is .responsible for the strengthening of plant cell walls in its form as pectate in the middle lamella. Cooper ~ Bangerth (1976) showed that increasing the calcium content of fruits by spraying with calcium salts during fruit develqpment or by post-harvest dipping in CaCI 2 solution improved fruit firmness.
The advent of seed enhancement technology in the past two decades has assured seed producers and farmers of superior s~ed performance under a wide range of environmental conditions and specific planting regimes (McDonald & Cope-_ land, 1997) . Priming and coating are two examples of various seed enhancement techniques that have found commercial application (Copeland & McDonald, 1995) . Osmopriming, the process of soaking seeds in aerated osmotica of low water potential to control the amount of water they imbibe, has a central objective to improve. seed performance. Examples of osmotica used in priming include polyethylene glycol (PEG), mannitol, glycerol, salts and other high molecular weight compounds (Lorenz, Cothren & Longer, 1988; Bradford, Steiner & Trawatha, 1990; Gray Drew, Bujalski & Nienow, 1991) . The benefit of using salts in priming solutions is to supply the seed with mineral nutrients that may be deficient or essential for protein synthesis during germination (Copeland & McDonald, 1995) . Practical advantages of priming include increased percentage germination, increased germination rate, germination under a broader range of environrnents and improved seedling vigour and growth (Parera & Cantliffe, 1994; Pill, 1995; Taylor, Allen, Bennett, Bradford, BUfis & Misra, 1998; Welbaum, Shen, Oluoch & Jett, '1998; McDonald, 2000) .
Seed coating is one of the most economical approaches to improving seed quality. A seed coating is a substance that is applied to the seed surface, but it does not obscure seed shape. Often, the purpose of coating is to apply substances such as fungicides, insecticides, safeners, micro nutrients and other compounds directly to the seed (McDonald & Copeland, 1997 ). According to Copeland & McDonald (1995) , the ideal traits of a seed coating polymer are that it should (1) be a water-based polymer, (2) have a low viscosity range, (3) have a high concentration of solids, (4) have an adjustable hydrophilic-hydrophobic balance and (5) form a hard film upon drying. These traits should lead to excellent plantability and provide for excellent emergence under a wide range of environments. One of the major advantages of seed enhancements is that they' are placed directly on the seed ,and in the immediate vicinity of an emerging seedling. This means that less chemical is needed compared to broadcast or furrow applications, with far less cost, while avoiding environmental damage.
In the present study, it is postulated that supplying calcium to green bean seeds will reduce cotyledonal cracking. The objective of this stUdy was to examine the effect of calcium, applied as a seed coat or priming osmoticum, on cotyledonal 
Materials and methods

Study locations
The study was conducted in three locations in KwaZuluNatal: Pietennaritzburg (University of Natal Research Fann, Ukulinga: 29°35'S, 30 0 25'E), Inchanga (Institute of Natural Resources' research fann, Nansindlela: 29°46'S, 30 0 44'E) and Harding (Bowles' and Northad's, neighbouring fanns: (30054'S, 29°35'E), KwaZulu-Natal, South Africa. Each year, in 2001 and 2002, a site that in the previous season had no green beans or a legume crop was selected for the field experiments. At each site, field experiments were planted on a different field every year in 2001 and 2002 to avoid serious occurrence of diseases and pests that are associated with green beans. Hence, two fields were used at each site for the two-year duration of the experiment. The bioclimatic regions where the sites are located, and some chemical properties of the soil in each experimental field are presented in Tables 1  and 2 .
As a consequence of the marked differences (Table 2) among the soils at different locations, and general similarities within sites, with respect to soil chemical properties, especially Ca 2 +, it was decided that soil fertility be changed only . according to the recommendations of the fertiliser advisory service for green bean production (data not shown). Therefore, the concentrations of soil Ca2+ were not changed, and the effect of Ca2+ treatments was assumed to be influenced (1) only by sites, besides seed treatments prior to planting (see 'Seed treatment' below).
Plant material
Six green bean cultivars were obtained from a seed company (Pro-seed 
Seed treatment
Osmopriming: Seeds were stored overnight (16 h) over a saturated solution of Ca(N0 3 )2 at 50% RH (23°C), which created a seed moisture content of about 10% [fresh mass (FM) basis] (Copeland & McDonald, 1995) . Seeds at 10% moisture content were imbibed in each salt (CaCI 2 , Ca(N0J)2 and CaS0 4 ) solution (1 ml seed-I) at different molarities (1, 10, 50, 100 and 1000 mM) for 6 h to prevent radicle protrusion. Control seeds were not osmoprimed. The electrical conductivity and water potential of the salt solutions were determined using the 644 Conductometer. (Metrohm, Switzerland) and WP4 Dew Point Potentiometer (Decagon, Washington), respectively. Seeds were then blotted to remove excess free water, and allowed to equilibrate to -10% moisture content over a saturated Ca(N03)2 solution.
Seed coating: Seeds (10% moisture content; FM basis) were coated with separate calcium salt solutions at the different molarities (1, 10, 50, 100'and 1000), Captan [3a,4,7,7a-tetrahydro-2-[(trichloromethyl)thio]-I H-isoindole-1 ,3(2H)-dione] and CMC (carboxymethylcellulose) glue (2:2: lv/v). To distinguish coated seeds .from the control treatments (not coated), 0.06% inert food colourant dye (donated by Pro-seed cc) was added to the coating mixture. Distilled water (1.88 ms cm-I ) was used to prepare the salt solutions. Coating was applied at the rate of 100 ml 25 kg· l seed, according to the industry standards (Pro seed cc, Pietennaritzburg). Coating was perfonned manually in a glass beaker for 30'1060 s until seeds were completely covered by the dye. Seed moisture content was then allowed to equilibrate to -10% moisture content as explained under osmopriming above. It is important to note that air-drying seeds at room temperature for 72 or 48 h (at -21 or 25°C, respectively) also allowed seeds to attain approximately 10% moisture content. Hence, this method of drying would be recommended for industry purposes. Controlled air-drying in this study was performed to create uniform seed moisture content at the beginning of imbibition after sowing.
Seed calcium determination
To determine the amount of seed Ca 2 + prior to sowing, dry (~ 10% moisture content, FM basis) seeds were· separated into seed parts (coat, cotyledons and embryonic axis). Each tissue (seed part) was ground to pass through a 0.5 mm sieve and a 0.5 g sample was digested in 18 ml of acid mix [nitric: perchloric (4: I v/v)]. The digested sample was diluted in distilled water (1 :50 to 200 depending on calcium concentration), and 0.2 ml of the diluted sample was mixed with 2.8 ml strontium perchloric acid before Ca 2 + was determined using the Unicham Solar M6 (Modi, Kjonstad & White, 2004) .
Field experiment design and statistical analysis
The experiment was designed as a split plot with cultivars as main plots, subdivided into subplots of methods of Ca 2 + application (coating or priming), salts and salt levels, respectively. The seeding rate was 10 seeds row·] planted at 0.1 m within-and 0.5 m between-rows. Each row was 1m long. Hence, the experimental unit was formed by one row occurring between two border rows in a 1m 2 plot. The experiment was replicated three times. All experiments were conducted under dryland conditions in both seasons, 2001 and 2002. Raw data were analysed using generalised statistical analysis (GenStat, Release 6.1, Rothamsted Experimental Statio·n, UK) to produce analysis of variance (ANOVA). Differences between means were determined using LSD (least significant difference ).
Results and discussion
Seed calcium content
Seed coating did not cause movement of Ca 2 + beyond the seed coat to influence the coj1centrations in the cotyledons and embryonic axis. Hence dat;a on seed calcium content prior to sowing, as influenced by feed coating is not presented. Osmopriming, however, resulted in a significant (P < 0.01) difference in the concentratioh of Ca 2 + in seed components (Table 3) . There was also a significant (P < 0.01) interaction of salt type, molarity and seed' parts (Table 3) . Calcium chloride and Ca(N03)2 did not differ in their effects on calcium concentration of seed components, but the effect of CaS0 4 was significantly (P = 0.04) lower than that of the former two salts (Table 3 ). The similarity between CaCI 2 and Ca(N0 3 )2 and their difference from CaS0 4 , can be explained by the electrical conductivity and the water potential of these salts (Figures 1 and 2) . Consistently across all molarities, CaCI 2 and Ca(NOJ)2 showed significantly (P = 0.01) higher electrical conductivity and lower water potential than CaS0 4 (Figures 1 and 2) . In general, a low water potential rdstricts water movement from a solution to the imbibing cells (Salisbury and Ross, 1992) . In the present study, the differential water potential between a dry seed (which was many orders of magnitude lower that the salt solutions; data not shown), created a gradient that was too great to be reduced by salt water potential even at the highest molari,ty (1000 mM). Hence, the supply of more calcium salt by absorption ofCaCI 2 and Ca(NOJ)2 (Table 3 ). The differential distribution of calcium in seed parts was largely influenced by tissue chemical composition and positioning of tissues in relation to the point of water entry into the seed. Modi, McDonald & Streeter (2002) showed that in soybean seed the embryonic axis absorbs water faster than the cotyledon. The difference was associated with higher protein content in the embryonic axis, compared with cotyledons. The embryonic axis is also located close to the micropyle, through which most water enters the seed. Therefore, it was not ~urP.ri!,il)g that the embryonic axis contained a higher calcium concentration than the cotyledon. The seed coat was in direct contact with the salt solutions, which caused its complete imbibition and consequently, it contained more calcium than both the embryonic axis and the cotyledons (Table 3) .
Cotyledonal cracking
The effect of calcium seed treatment on the reduction of cotyledonal cracking improved with an increase in salt molarity for all salt types (Figure 3) . However, there were significant differences between cultivars (across all salt concentrations and salt types), with respect to cotyledonal cracking (Figure -7
Salt molarity (mM) 100 1000 Figure 2 Water potential of calcium salt (see inset) osmopriming solutions.
4). There were also significant (P = 0.01) differences between salts ( Figure 5 ). The effect of CaCI 2 was not significantly different from that of Ca(NOJ)2, but the effect of CaS0 4 was significantly (P = 0.01) lower than that of the other two salts, all concentrations considered ( Figure 5 ). The differences between calcium salts were closely associated with their effects on seed calcium content (Table 3 ). The method of seed treatment was also important for effective reduction of cotyledonal cracking (Figure 6 ). Seed coating was more effective (P < 0.001) than priming (Figure 6 ), irrespective of cultivar or salt type used. During priming, imbibitional damage to the seeds may occur (McDonald, 2000) because of rapid influx of water into a dry seed, with a very low water potential. Imbibition is also associated with leakage of soluble substances that are essential for seed vigour (Armstrong & McDonald, 1992; Modi & McDonald', 1999) . Osmopriming has been primarily successful with small-seeded crops (McDonald 2000) and less successful with large-seeded crops (Helsel, Helsel & Minor, 1986; Bennett & Waters, 1987) . In the present study, the beneficial effect of priming, however, was shown by the significant (P < 0.00 I) reduction of cotyledonal cracking in primed seeds compared with control seeds, which were not .!: "0 c primed and not treated with calcium salts (Figure 6 ). Despite the differences in soil calcium contents at the different sites (Table 2) , there were no significant differences between sites, with respect to cotyledonal cracking (Figures 3, 4, 5 & 6) . However, a positive correlation between seed size (see 'Plant material', above) and resistance to cotyledonal cracking was found across all salts and concentrations (Figure 4) . Mazibuko (2003) categorized the cultivars studied here into three groups based on the rate of water absorption during imbibition. That categoriz~tion showed that cultivars 'Imbali' and 'Tokai' absorbed water slowly and uniformly, 'Elangeni' and 'Tongati' showed a medium rate of water absorption, and 'Sodwana' and 'Outeniqua' showed the fastest water absorption rates. Rapid water absorption during imbibition was found to be correlated with rapid occurrence of cotyledonal cracking prior to germination sensu stricto C a-C hlo rid e Ca-Nitrate Ca-Su Ip hate
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Seed treatment and experimental site Figure 4) . (Mazibuko, 2003) . Hence, the data presented in Figure 4 confirmed that the observed genotype differences with respect to cotyledonal cracking were associated with the inherent water absorption properties of the cultivars. When a genetic analysis of the cultivars was performed (Mazibuko, 2003) , it was also shown that cultivars that are susceptible to cotyledonal cracking displayed a protein of ~ 20 kDa, which was not found in the resistant cultivars. It would .,be interesting to investigate the relationship of the protein with aquaporins. Aquaporins regulate water movement through plant cells (Evans & Williams, 1998; Downie, Priddle, Hawes & Evans, 1998; Evans, 1999) .
Conclusions
The purpose of seed enhancement is' to allow maximum expression of seed quality by minimizing or eliminating the progress of seed deterioration owing to the existing poor state of the seed. This study showed that seed coating and osmopriming with calcium salts reduce cotyledonal cracking in green beans. It is significant to note that despite the ability to penetrate all seed parts, osmopriming was less effective than seed coating in alleviating cotyledonal cracking in green bean seeds. Hence seed coating is a more efficient seed treatment than osmopriming for the alleviation of cotyledonal cracking by calcium salts. The findings of the present study are in agreement with the recognised role of calcium in plant tissue integrity, because alleviation of cotyledonal cracking is an indication of enhanced cell wall integrity.
